1. Introduction {#s0005}
===============

Cerebral ischemia is a condition in which there is a insufficient blood flow to the brain cells to meet their metabolic demand. This is mainly due to cerebral hypoxia or deficient oxygen supply leads to the death of cerebral infarction or ischemic stroke in brain cells. This irreversible damage in brain and loss of functions of neuron was reported previously. Such metabolic impairments significantly cause temporary amnesia involving severe memory loss, involving attention deficits, permanently impaired learning and memory, dementias and disorders of judgment. Vascular Dementia is mainly caused by poor supply of blood to the brain cells, typically caused by a series of minor strokes, leading to worsening cognitive decline. Generally, coexisting with Alzheimer's disease, mixed neurodegenerative and vascular dementia involved in age-related cognitive impairment ([@b0015]). In brain, damage is most frequent in the mammillothalamic region, medial temporal lobes and the cerebellum, especially in the hippocampus region ([@b0090]). Animal models of global cerebral ischemia, CA1 layer of the hippocampus, highly vulnerable to ischemia show that CA1 layer is accompanied by deficits in conduct of memory and learning tasks. If any delay in restoration of blood supply, brain damage may be permanent. 4-VO model has numerous advantages, including a high incidence of predictable ischemic neuronal damage and ease of performing the experiments. This model has been widely applied to elucidate the effect of the properties of the therapeutic agents. During cerebral ischemia, pro-inflammatory cytokines was released by the activation of glial cells ([@b0135]). Microglia in the brain consists of 5% to 20% population of total glial cell ([@b0030]). Inflammation is important as a response necrotic cell followed by the generation of reactive oxygen species (ROS) and lead to activation of microglia. Inflammation generates secondary injury which exerts an impact on chronic and acute ischemic injury and recovery of the function of the brain. Once ischemia happens, microglia can become destructive and phagocytes as well ([@b0085]). Phagocytosis of cellular debris and harmful substances along with the release of anti-inflammatory cytokines, and consequently reduce the noxious effects of inflammation and aid in tissue repair.

*Cordyceps* species are important natural products with a variety of biological functions. *C. militaris*, is a parasite on moth caterpillar larvae, is used widely in East Asia as a traditional medicine ([@b0130]) and many kinds of biological effects such as, hepatoprotective, nephroprotective, antioxidative, anti-inflammatory and antiapoptotic effects have been reported ([@b0140]). It was previously reported that, supplementation of *Cordyceps* sp. in mice model reduced inflammatory markers in the brain, especially hippocampus ([@b0115]). *C. militaris* contains various bioactive compounds such as, cordycepic acid, polysaccharide, amino acids, cordycepin and trace elements ([@b0025]). The methanolic extract of *C. militaris* fruiting body showed antifungal, antibacterial, antioxidant, and anticancer properties. Therefore, the present study was undertaken to investigate the neuroprotective properties of *C. militaris* in *in vivo* condition by performing behavior test and to assess memory function. In addition, we estimated cell death and performed an immunohistochemical analysis of OX-42 marker in the hippocampus of rats. Our data suggest that *C. militaris* is a novel therapeutic agent which may provide neuroprotection and antiinflammation in mouse model.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

The chemicals, donepezil hydrochloride (±)-2-((1-benzylpiperidin-4-y) methyl)-5,6-dimethoxy-indan-1-one monohydrochloride: E2020) and scopolamine hydrobromide was purchased from Eisai Co., Ltd., Tokyo, Japan. It was dissolved in double distilled water and diluted with at desired concentrations. All other chemicals/materials were commercial grade with high purity.

2.2. Induction of ischemia {#s0020}
--------------------------

In the present study, transient forebrain ischemia was induced as suggested by [@b0100]. In brief, under 1.5--2.0% isoflurane anesthesia (30%O2/70% N~2~O), vertebral arteries were electrocauterized carefully and further common carotid arteries were exposed. After 24 h, cerebral ischemia was induced in vertebral arteries and carotid arteries using aneurysm clips. After 10 min of this treatment, the aneurysm clips were carefully removed for reperfusion. Then samples were dissolved in double distilled water and orally administered twice at 100 mg/kg and 300 mg/kg for 0 and 90 min after reperfusion. The experimental rats in the vehicle-treated group were administered orally with double distilled water. Same surgical procedures were followed for Sham-operated animals and arteries were not occluded in this group. In another group (Ischemia + donepezil) administered 5 mg/kg donepezil per day. The dosing frequency and dosage of donepezil were selected as suggested previously by [@b0055].

2.3. Brain tissue preparation {#s0025}
-----------------------------

Brain tissue was prepared and was followed as per the previous publications ([@b0105]).

2.4. Cresyl violet staining {#s0030}
---------------------------

After 4 days of ischemia surgery, cresyl violet was used to stain cells ([@b0010]).

2.5. Immunohistochemistry {#s0035}
-------------------------

The brains tissue was sectioned using free floating method as described earlier ([@b0005]). The primary antibody was applied against NeuN for overnight at 4 °C. Then secondary antibodies were rinsed and slide was prepared ([@b0120]).

2.6. Microglia counts: Strain difference {#s0040}
----------------------------------------

CM exhibited more numbers activated microglia than that of control. The strain difference was evaluated in the histologically normal peri-infact region of the cortex surrounding the infarct.

2.7. Morris water maze experiment {#s0045}
---------------------------------

Morris water maze experiment is widely used to explore the memory and spatial learning in animal models, including rats ([@b0070]). The size of the water maze was 30 cm deep, 60 cm high, 136 cm diameter and circular in shape ([@b0125]). The time it took the animal to find the platform represented the amount of learning and memory and was documented as described previously ([@b0065]).

2.8. Passive avoidance test {#s0050}
---------------------------

In the present study, passive avoidance test was carried out using the method suggested by [@b0095]. Data represents mean ± SEM (n = 10).

2.9. Statistical analysis {#s0055}
-------------------------

One way ANOVA was used to test the significance of variation in the experiments. Two-way ANOVA was carried out to find the latency time in Morris water maze. The significance of variation was calculated at *p* \< 0.05 level.

3. Results {#s0060}
==========

3.1. Neuroprotection (cell density) {#s0065}
-----------------------------------

The images of rat hippocampal tissue which was stained with crezyl violet were described in [Fig. 1](#f0005){ref-type="fig"}. The surviving pyramidal neurons in the CA1 region of the hippocampal tissue were counted and the neuronal damage was clearly evaluated. [Fig. 2](#f0010){ref-type="fig"} shows the neuronal cell density of hippocampal tissue of the experimental rats. In the present study, cell density was significantly reduced in the CA1 region in vehicle-treated group in the experimental animal and the cell density was 36.4 ± 9.1 cells/mm^2^. The sham-operated group consists of 280.7 ± 21.6 cells/mm^2^ in the CA1 region. Variable neurons have intact morphology and round in shape. However morphological changes were observed in the damaged neurons ([Fig. 1](#f0005){ref-type="fig"}B and D). In our study, *C. militaris* showed significant neuroprotective effect and increased cell density in brain tissue. A dose dependent inhibition against the cell density reduction was observed in our study and 78.4% inhibition was registered (p \< 0.001) *C. militaris* in experimental rats at 300 mg/kg concentration. In the sham-operated group, a weak NeuN immunoreactivity was observed in all the group ([Fig. 3](#f0015){ref-type="fig"}). In the present study, NeuN-labeled cells was reduced significantly (35.7 ± 6.7 cells/mm^2^; *p* \< 0.05) ([Fig. 2](#f0010){ref-type="fig"}). The number of NeuN-positive neurons increased by 52.7% in 300 mg/kg *C. militaris* treated (69.6 ± 5.9 cells/mm^2^) and by 81.7% increase was recorded in donepezil treated group (88.3 ± 4.5 cells/mm^2^) compared to 4-VO group (35.7 ± 6.7 cells/mm^2^).Fig. 1Cresyl violet staining of the hippocampus in normal (A and B), negative control. (C and D, vehicle-treated), 300 mg/kg *C. militaris* -- treated groups (E and F) one day after ischemia.Fig. 2Number of surviving neurons in the hippocampal CA1 region after 10 min of ischemia followed by 7 days of reperfusion. The values are given as means ± SEM. \*\* *p* \< 0.01, \*\*\* *p* \< 0.001 for Group 4-VO Group.Fig. 3Quantification of the number of NeuN levels in the CA1 region of vehicle, 300 mg/kg *C. militaris* treated ischemic groups. NeuN levels in ischemia *C.militaris* treated ischemic groups are lower than that in the corresponding vehicle-treated ischemic group, respectively (n = 7). The values are given as means ± SEM.\*\* p \< 0.01, \*\*\*p \< 0.001 for 4-VO Group.

3.2. Microglia (OX-42) {#s0070}
----------------------

In the present study, rat brain was sectioned and *C. military* significantly inhibited CA1 microglia activation ([Fig. 4](#f0020){ref-type="fig"}). In the experimental group animals, CA1 area of OX-42 showed significant morphological changes. In sham-operated group, no microglial cells were found ([Fig. 4](#f0020){ref-type="fig"}A and B). Activated microglia was evident in CA1 of hippocampus after seven days of global cerebral ischemia with the greatest density of cells being within the hippocampus ([Fig. 4](#f0020){ref-type="fig"}C, D). However, *C. militaris* reduced this activated microglia ([Fig. 4](#f0020){ref-type="fig"}E, F). Also, activated microglia had short projections, more distinct and densely stained cell bodies compared with resting microglia in 4-VO group.Fig. 4Representative photomicrographs of OX-42 immunostaining in the hippocampus CA1 subregion after 10 min of ischemia. (A, B) Normal control CA1 area contained weakly OX-42-positive cells. After 10 min of ischemia, these cells became strongly immunoreactive at one day, (C, D) The immunoreactivity peaked at 7 days, (E, F) OX-42-positive cells were also significantly increased in ischemic animals with *C. militaris* deficiency in comparison to the sham groups.(D) The cells at 7 days after ischemia transformation to the reactive form. (F) The positive cells at 7 days showed rod-like nuclei counterstained by DAB. Scale bar = 100 μm. Ox-42.

3.3. Behavior test {#s0075}
------------------

Morris water maze test was carried out to evaluate the behavior changes in rats. This test revealed that 4-VO group showed prolonged escape latency than sham operation group. Whereas, *C. militaris* shortened the path length and the result was statistically significant (\*\*\**p* \< 0.001); and swimming speed was not affected. In the probe trial, the swimming times within the target quadrant in the *C. militaris* (100, 300 mg/kg) experimental group were higher than those in the vehicle-treated control rats (\**P* \< 0.05; [Fig. 5](#f0025){ref-type="fig"}). The present finding suggested that 4-VO administered experimental rats treated with *C. militaris* performed well compare with the sham-operated rats. However, the 4-VO experimental animals treated with vehicle performed very poorly to reach this task. In day 4, the *C. militaris* and donepezil- treated experimental group showed the shorter mean latency (12.2 ± 0.7 s, 10.6 ± 1.6 s), however the vehicle-treated experimental animals required greater time to locate the pedestal (29.7 ± 7.6 s). The experimental rats spent time within the 10 cm diameter circle where the pedestal had been located during acquisition training is represented ([Fig. 5](#f0025){ref-type="fig"}B). In the present study, significant difference among the groups such 4-VO showed less time on target (1.3 ± 0.1 s) than that of sham-groups (3.1 ± 1.2 s) or *C. militaris* - treated experimental animals (2.3 ± 0.4 s). In our study, probe testing on day 5 of experiments showed a pattern of greater time spent the rats in the quadrant where the pedestal was earlier located by the *C. militaris* - treated animal groups. *C. militaris* administered rats at 100 and 300 mg/kg prolonged the shortened swimming distance in the provided platform quadrant and significantly increased the frequency of the rats crossing the target quadrant with 4-VO group. The present finding revealed that donepezil and *C. militaris* significantly improve the spatial memory ability of 4-VO group.Fig. 5Effects of *C. militaris* training trials (A) and in the probe trial (B) of the Morris water maze task in global cerebra ischemia --induced memory deficits rats.

In the present study, latency times were varied significantly among the experimental groups in acquisition trials. *C. militaris* (100, 200, 300 mg/kg) and donepezil (5 mg/kg) administered in scopolamine-induced amnesia in rats showed a significant reduction in transfer latency and a significant increase in escape latency. All the treatment groups are compared with scopolamine-induced amnesia, normal control group. [Fig. 6](#f0030){ref-type="fig"}. The escape latency time was 24.27 ± 2.84 s in the sham group, 10.74 ± 0.86 sec in the scopolamine-induced group, 11.89 ± 1.13 s in the scopolamin- induced group and 100 mg/kg *C. militaris*- treated group, 12.29 ± 1.47 s in the scopolamin- induced group and 200 mg/kg *C. militaris*- treated group, 21.47 ± 3.72 s in the scopolamin- induced group and 300 mg/kg *C. militaris*- treated group, 22.09 ± 4.33 s in the scopolamin- induced group and 5 mg/kg donepezil -- treated rats. These findings showed that short-term memory was severely affected by scopolamine, and the *C. militaris* treatment alleviated the short-term memory impairment. The shorter step-through latencies induced by scopolamine were decreased by *C. militaris* (100, 200, 300 mg/kg) and the variation was statistically significant (*P* \< 0.05).Fig. 6Effects of *C. militaris* with scopolamine in the passive avoidance task.

4. Discussion {#s0080}
=============

This is the first report on the neuroprotective and therapeutic effect of *Cordyceps militaris* in mice model. In this study, *C. militaris* reduced neuronal cell death, spatial memory loss on Morris water maze after 4-VO in rats after seven days of treatment. Analyses of hippocampal region and neuron count in the CA1 region of hippocampus gave neuroprotection of *C. militaris* after 4-VO treatment. Cerebral ischemia in animals causes apoptosis, chromatin condensation, DNA fragmentation, cell shrinkage and membrane damage ([@b0020]). Apoptosis is the major pathway of cell death after cerebral ischemia. The 4-VO technique was effective to study neuronal damage in the hippocampus and was reported previously by various research groups. In our study, cell density was reduced significantly in the CA1 region in vehicle-treated group compare with sham-operated group after seven days of treatment in the experimental rats. This result clearly suggests that *C. militaris* has significant neuroprotective effects caused by cerebral ischemia.

The observed neuroprotective effect in *C. militaris* is good agreement with earlier studies ([@b0045]). In rats, the mycelial extract of *Cordyceps ophioglossoides* prevented decreased β-amyloid peptide-induced memory deficits and neuronal death. In another study, *Cordyceps sinensis* extract showed antioxidant properties and severely inhibited lipid peroxidation ([@b0060]). It was also reported that the majority of neurons are positive to NeuN, hence NeuN immunoreactivity was frequently used as a marker to differentiate neurons in tissue sections and to evaluate the neuron/glia ratio in brain regions ([@b0035]). NeuN is expressed in the nucleus and cytoplasm of mature neurons as a transcription factor ([@b0080]). There is a complicated factor including microglia, neurophils, monocytes, astrocytes and neurons in brain inflammation ([@b0040]). It was previously reported that the activated microglia was caused by 4-VO in brain and cause neuronal cell death in CA1 region. Cytokines, especially IL-1 beta and TNF alpha and adhesion molecules were involved in the maintenance and propagation of CNS inflammatory response. In central nervous system, microglia acts as an important form of active immune defense and the activated microglia secret various cytotoxic substances. [@b0075] reported the involvement of microglia in the development of the ischemic area in experimental rats. The results of this study, observed effect are related to anti-inflammatory activity as indicated by a reduction in microglia activation using immunohisto chemical techniques ([@b0110]).

In the present study, the marker, OX-42 was observed in the vehicle-treated animals and this was considerably reduced in *C. militaris* treated group. Also, *C. militaris* significantly reduced the activity of microglia. This finding was consistent with previous studies showing reduction in glial activation and protection against ischemic brain damage by targeting inflammatory response ([@b0050]).

4-VO group treated with *C. militaris* showed reductions in the ischemia-induced damage measured in the hippocampus region, and these rats showed passive avoidance and water maze performances. *C. militaris* has potential pharmaceutical properties and could be the alternatives in health management to treat neurological disorders. Because of high cost to develop novel synthetic drugs, more attention has been paid in recent years on natural products. These natural sources proved to be more effective and safe with little or no side effects. *Cordyceps militaris* could effectively be used as a functional food ([@b0145]). In the present study increase of OX-42 and immunoreactivity were observed in vehicle-treated group however, decreased effect was observed in *C. militaris* treated group. *C. militaris* extract significantly reduced the expressions of microglia because of the presence of bioactive compounds.

5. Conclusion {#s0085}
=============

In conclusion, the present finding shows that *C. militaris* has various biological properties. The bioactivity of the fungus protected delayed neuronal death in the CA1 region of the hippocampus in rats. The sample involved in inhibition of OX-42 expression because of its anti-inflammatory properties and improve memory impairments due to global cerebral ischemia and scopolamine-induced memory deterioration. Our present findings suggest that *C. militaris* may be a potential therapeutic candidate for the neuroprotection of hippocampus and the recovery of function in the hippocampus in patients with global ischemia, such as various neuroinflammatory disorders or vascular dementia.
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